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ABSTRACT

Savannas are open communities with a woodland and grassland phase. Some species are restricted
to one phase or the other with some in both. The central Texas Edwards Plateau is mainly a savanna
community with an east to west rainfall gradient and a tree density gradient with both factors being
reduced in the west. We examined gas exchange rates of sun and shade leaves of three perennial
species of Asteraceae, Simsia calva (bush sunflower), Wedelia texana (hairy wedelia,) and Brickellia
cylindracea (brickell-bush). Maximum photosynthetic rates (Ap.y), light saturation points (Lgy),
ambient light levels, leaf mass per area, leaf conductance, and transpiration rates (E) for sun leaves
were significantly greater than shade leaves for all three species. Mean A, rates were 32.8, 23.2 and
21.2 umolCO»/m*/s for sun leaves of S. calva, W. texana and B. cylindracea respectively. For shade
leaves, rates were 21.3, 15.2 and 12.9 nmolCO»/m?/s respectively for the same species. Mean Ry (dark
respiration) rates were 3.00 umolCO»/m?/s for sun leaves and 1.1 umolCO,/m?/s for shade leaves of S.
calva. Ry rates for sun and shade leaves of W. texana and B. cylindracea were mostly lower but only
significantly different for B. c¢ylindracea. There were no significant differences between sun and shade
leaves for the initial slope or quantum yield for any of the species. Leaf mass per area was greater for
sun leaves of all species. A« rates for sun leaves were high as expected for sun plants, but A, rates
for shade leaves were fairly high as well, probably because of the relatively open nature of the sub-
shrub canopy. Most factors measured were high and suggest that these plants are sun plants or
facultative species. These measurements would help explain why these species are present in the full
sun, open grassland phase of these central Texas savanna communities and not below the woodland

canopy where their growth and survival would be reduced because of lower light levels.
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Composition and structure of grassland com-
munities Worldwide have changed and are con-
tinuing to change (Bond 2008; Van Auken 2009).
These transformations include grasslands from
California through Arizona, New Mexico and
central Texas (Van Auken and McKinley 2008;
Maze 2009). Many of the changes involve the
encroachment or invasion of a few woody species;
however, as many as 10% of the herbaceous
species in southwestern arid or semiarid grasslands
are invaders from all over the World (Van Auken
2009). The composition and structural changes
have occurred because of modifications in the level
and kind of herbivory, other disturbances and the
reduced frequency and intensity of grassland fires.
However, some still suggest that global phenom-
ena such as elevated levels of atmospheric CO,
and concomitant temperature increases are the
primary cause of the changes in these grasslands
(Van Auken 2009). Regardless of the specific
cause or causes, the mechanisms directing or
driving the conversion in these grasslands have
been difficult to identify.
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Simple as well as complex gradients of rainfall,
temperature, light, soil resources, biotic factors or
combinations occur throughout the world, deter-
mining to a large extent the kind of communities
and species of plants that are present in given
areas (Begon et al. 2006). Woody plant density
and cover change along rainfall gradients with
desert shrubs increasing on the dry end of the
gradient, woodlands or forests on the wetter end
with grasslands or savannas in between (Board-
man 1977; Larcher 2003; Breshears 2008). This
type of gradient occurs, proceeding from west to
east, on the Edwards Plateau in central Texas
(Van Auken and McKinley 2008). Although the
structure of some of the communities along this
rainfall gradient have been described (Van Auken
and McKinley 2008; Van Auken and Smeins
2008; Wayne and Van Auken 2008), the reasons
that various species occur in defined places and at
certain densities along this gradient are not clear
and predicting the dynamics of this biphasic
system is challenging (House et al. 2003).

Three shrubs or sub-shrubs found in the
grassland phase of many of these central Texas
savanna communities are Simsia calva (Engelm.
& A. Gray) A. Gray, (bush sunflower, Aster-
aceae), Wedelia texana (A. Gray) B. L. Turner,
(=Zexmenia hispida, hairy wedelia, Asteraceae)
and Brickellia cylindracea A. Gray and Engelm.,
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(brickell-bush, Asteraceae) (Correll and Johnston
1979; Enquist 1987; USDA 2009). These taxa are
not reported from the woodlands or forest
communities (Van Auken et al. 1979; Van Auken
et al. 1980; Van Auken et al. 1981). They are
usually not dominant but secondary species in
these communities. They can be found at high
density in some open habitats on dry, shallow soil
in areas that have been disturbed (personal
observation). They may be found at the edge of
woodland or motts, but not below the canopy in
these communities. They may require disturbanc-
es or low nutrient soils, but no studies were found
concerning their requirements for establishment
or their successional status. In addition, we have
not found any studies of these species that might
suggest limiting physiological factors or condi-
tions. Physiological differences between plants
native to open, full sun habitats compared to
those found in shady, understory communities
are fairly well known (Begon et al. 2006;
Valladares and Niinemets 2008), but gas ex-
change rates of the species studied here have not
been examined.

Sun plants usually have higher photosynthetic
rates at high light levels, they light saturate at
higher light levels, have higher light compensa-
tion points (photosynthetic rate equals respira-
tion rate), higher dark respiration rates, higher
transpiration rates and higher stomatal conduc-
tance rates compared to shade plants (Board-
man 1977; Young and Smith 1980; Larcher
2003; Valladares and Niinemets 2008). Some
species display what is called adaptive crossover
and are capable of acclimating to high or low
light environments, thus they could have a
broader ecological niche (Givnish 1988; Givnish
et al. 2004). Some plants, especially many trees
start their growth in the low light environment
of the canopy understory (Spurr and Barnes
1973), grow slowly for many years until they
grow into a light gap. A light gap is created via
a tree fall or plants reach the open, high light
above the canopy (Ryniker et al. 2006; Van
Auken and Bush 2009). In addition, shade
leaves from plants grown in full sun have been
used as surrogates for plants grown in shade
conditions to understand a species’ ecological
requirements (Hamerlynck and Knapp 1994;
Furuya and Van Auken 2009).

Gas exchange rates and other characteristics of
sun and shade leaves of Simsia calva, Wedelia
texana and Brickellia cylindracea were measured.
Ambient light levels, xylem water potential and
soil water content were also measured. Based on
the habitats where these species were found, we
expected that they were sun plants and would
have higher maximum photosynthetic rates, light
saturation points, light compensation points,
respiration rates, conductance, and transpiration
compared to shade-adapted species.
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METHODS
Study Species

Simsia calva, (bush sunflower, Asteraceaae), is
a native, warm-season, perennial, sub-shrub with
orange-yellow ray and disk flowers on long
peduncles. It grows on disturbed, sand or heavy
clay limestone soils and appears drought tolerant,
widespread through central, southern, and south-
western Texas and southeastern New Mexico
(Correll and Johnston 1979; Enquist 1987;
Turner et al. 2003). Wedelia texana (=Zexmenia
hispida, hairy wedelia, Asteraceae), is a native,
warm-season, perennial, sub-shrub. It has bright
yellow-orange flowers, blooming from March to
December in South Texas, and May to Septem-
ber in central Texas (Correll and Johnston 1979;
Enquist 1987). It is hardy, grows in disturbed
areas and tolerates a variety of limestone soils
(USDA 2009). It is found in central and west
Texas and northeastern Mexico (Turner et al.
2003). Brickellia cylindracea (brickell-bush, As-
teraceae), is a perennial, sub-shrub with consid-
erable variability. Flowers are yellow, blooming
from August through November (Correll and
Johnston 1979; Enquist 1987). It is drought
tolerant, has a strong preference for limestone
soil, open habitats and is only found in central
Texas (Turner et al. 2003).

Study Area

All plants in this field study were found on the
southern edge of the Edwards Plateau region of
central Texas just below the Balcones Escarpment
in northern Bexar Co. (approximately 2968’ N and
98°50"'W) (Correll and Johnston 1979; Van Auken
et al. 1981; Van Auken and McKinley 2008;
Furuya and Van Auken 2009). The Balcones
Escarpment is rough, well-drained, with elevations
increasing abruptly from approximately 200 m
above mean sea level (AMSL) to 500 to 700 m
AMSL. Most of the subsurface of the area is
Cretaceous limestone, and soils are usually shallow,
limestone derived, rocky or gravelly on slopes, and
deep in broad valleys and flats (Taylor et al. 1962;
NRCS 2006). Soils are dark colored, calcareous
with usually neutral or slightly basic pH.

Area mean annual temperature is 20.0°C with
monthly means ranging from 9.6°C in January to
29.4°C in July (NOAA 2004). Mean annual
precipitation is 78.7 cm per year and bimodal, with
peaks occurring in May and September (10.7 cm
and 8.7 cm, respectively). There is little summer
rainfall, high evaporation and high inter-annual
variation (Thornthwaite 1931; NOAA 2004).

Juniperus-Quercus savanna or woodland is the
major vegetation type in the study area and is
representative of savannas and woodlands found
throughout this region, but higher in woody plant
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density than savanna communities farther to the
west (Van Auken et al. 1979; Van Auken et al.
1980; Van Auken et al. 1981; Smeins and Merrill
1988). The high density woody species are
Juniperus ashei J. Buchholz (Ashe juniper) and
Quercus virginiana Mill. (=Q. fusiformis Small.,
live oak) followed by Diospyros texana Scheele.
(Texas persimmon) and Sophora secundiflora
(Ortega) DC. (Texas mountain laurel) with other
oaks and elms in sheltered habitats or on deeper
soil. Associated with these woodlands are rela-
tively small grasslands and sparsely vegetated
intercanopy patches or gaps (openings between
the canopy trees) (Van Auken 2000). Carex
planostachys Kunze (cedar sedge, Cyperaceae)
(Wayne and Van Auken 2008) is the major
herbaceous species below the canopy, but Verbe-
sina virginica L. (frost weed, Asteraceae) is found
in places on deeper soil (Gagliardia and Van
Auken in press). In the grasslands and gaps
Aristida purpurea Nutt. var. longiseta (Steud.)
Vasey (red three-awn), Bouteloua curtipendula
(Michx.) Torr. (side-oats grama), Bothrioclloa
laguroides (Steud.) Allred & Gould (silver blue-
stem), B. ischaemum (L.) Keng (KR bluestem),
various other C4 grasses, and a variety of
herbaceous annuals are common (Van Auken
2000; USDA 2009).

Measurements

Gas exchange rates as a function of light level
or photosynthetic flux density (PFD) were
measured and plotted for sun and shade leaves
of all three species (light response curves)
(Hamerlynck and Knapp 1994; Furuya and Van
Auken 2009). Five plants or replications were
used. Individual sun and shade leaves were
measured on each plant. All plants sampled were
0.5 tol.0 m tall. All plants were growing in full
sun. Sun leaves were on the outermost, southern
facing canopy branches and shade leaves were on
the lower, innermost branches of these plants.
Shade leaves from full sun plants were used as
surrogates for shade plants as reported by others
(Hamerlynck and Knapp 1994; Furuya and Van
Auken 2009).

Light response measurements were made in
June within =3 hr of solar noon with a LI-COR®
infrared gas analyzer (LI-6400). Irradiances were
generated by the LI-COR LED red-blue light
source using a light curve program with the LI-
COR, a gas flow rate of 400 umol/s, and a CO,
concentration of 400 umol/mol. One mature,
undamaged, fully expanded leaf per replication
and leaf type was used with the 2 X 3 cm
chamber. The LI-COR 6400 was run at approx-
imate ambient summer, midday, daytime tem-
perature (35°C) and relative humidity (50%), and
was calibrated daily. All response data were
recorded after at least two minutes when a stable
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total coefficient of variation was reached
(<0.3%), usually less than five minutes. All light
response curves were started at a PFD of
2000 ymol/m?/s for sun leaves and shade leaves
and then decreased to the following: 1800, 1400,
1200, 1000, 800, 600, 400, 200, 100, 75, 50, 25, 10,
5, and 0 umol/m?*/s (16 total measurements).

Measurements for each species and leaf type
included net photosynthesis, stomatal conduc-
tance, and transpiration. Repeated measure
ANOVA was utilized to determine if significant
differences occurred between leaf types. A one
way ANOVA was used to determine if net
photosynthesis, stomatal conductance, and tran-
spiration were significantly different between the
PFD’s tested and also between leaf types (Sall et
al. 2001). If significant differences were found
within a leaf type, Tukey-Kramer Honestly
Significant Difference test was used to determine
where significant differences occurred. Shapiro-
Wilks tests were used to test for normal
distributions and the Bartlett’s test was used to
test for homogeneity of variances. Data were log
transformed for analyses due to unequal varianc-
es as necessary.

Maximum photosynthesis (Anax). PFD at
Annax. transpiration at Ap.. conductance at
Amax, light saturation point, dark respiration,
light compensation point, and the quantum yield
efficiency (initial slope) were determined for each
replicate, and means were calculated. The A .x
was the highest net photosynthesis rate. Light
saturating photosynthesis was the PFD when the
slope of the initial rate line reached the Ap.x-
Dark respiration was the gas exchange rate at a
PFD of 0 umol/m?%s (y-intercept of the line for
the initial slope or rate). The light compensation
point was calculated as the PFD when the
photosynthetic rate = 0 pumol COy/m?%s (x-
intercept of the line for the initial slope or rate).
The quantum yield efficiency or initial slope was
calculated using the dark value and increasing
PFDs until the regression coefficient of the slope
decreased (150 umol/m?/s PFD) (Furuya and Van
Auken 2009; Wayne and Van Auken 2009).

A one-way ANOVA (Sall et al. 2001) was used
to detect significant difference between species
and between leaf types for maximum photosyn-
thetic rates (Anay). light saturation, dark respi-
ration, transpiration at Ap,.. conductance at
Amax» and quantum yield efficiency. Significance
level for all tests was 0.05. Ambient PFD was also
measured for each sun and shade leaf with the LI-
CORP® integrating quantum sensor at the time the
light response curves were initiated (LI-COR,
Inc, Lincoln, NE).

Pre-dawn Xylem Water Potential (‘W)

Measurements of pre-dawn xylem water po-
tential were made for leaves of each plant
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(Scholander et al. 1965; Furuya and Van Auken
2009) with the model 1000 PMS® pressure
chamber (PMS, Instrument, Co. Corvallis, OR).
Samples of each leaf type were collected with a
sharp knife and put in a zip lock plastic bag with
a wet paper towel between 4:30 and 5:00 a.m. The
plastic bag was put in a cooler with ice to insure
that ¥, would not change. ¥, measurements
were made within 45 min of harvest. A one-way
ANOVA (Sall et al. 2001) was used to detect
significant difference between species and be-
tween leaf types.

Soil Moisture Measurements

Volumetric soil moisture measurements were
made using time domain reflectometry (TDR)
with a TRIME portable TDR soil moisture meter
(TRIME-FM) (MESA System Co. Medfield,
ME). The TDR is a transmission line technique
used to determine soil water content by inserting
two parallel metal rods in a soil matrix to make
measurements (Topp and Reynolds 1998; No-
borio 2001). Soil water content was measured in
five positions below the canopy of each plant.
The five positions were the four cardinal compass
points and the site next to the bole of the plant.
Soil water content of 5 plants was sampled
between 10:00 and 11:00 a.m. The site next to
the bole of the plant was on the south side, and
the other locations were approximately 10 c¢cm
from the bole. Data from 35 sites (north, south,
east, west, and the site next to the plant) around
each plant were pooled and a mean and standard
error was determined. A one-way ANOVA (Sall
et al. 2001) was used to detect significant
difference between species.

Leaf Area and Total Leaf Dry Mass

Area (LA) and total dry mass (Mooney and
Gulmon 1982) of five sun and five shade leaves
were measured to determined mass per unit area
(LMA) (g/cm?). The sun and shade leaves used to
make gas exchange measurements were collected
after gas exchange measurements were completed
and used to determine leaf area and total dry
mass. Leaves were dried at 60C to a constant
mass prior to weighing. A one-way ANOVA (Sall
et al. 2001) was used to detect significant
difference between species and between leaf types.

RESULTS

The photosynthetic light response curves for the
sun and shade leaves were significantly different
over the light levels measured for all three species
(Repeated Measures ANOVA, P < 0.05; Fig. 1A,
B, C). At PFD’s above 400-600 umol/m?3/s
(depending on the species), sun leaves had
significantly higher photosynthetic rates than
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Fi1G. 1. Photosynthetic light response curves for sun
(@) and shade (O) leaves of (A) Simsia calva, (B)
Wedelia texana and (C) Brickellia cylindracea. There
were significant differences in photosynthetic rates for
sun and shade leaves of the three species (repeated
measures ANOVA, P < 0.05). Error bars are examples
and represent + or — one standard error of the mean.
Different letters between light levels indicate significant
differences between sun leaves (upper case) or shade
leaves (lower case) and between leaf types (*). Rates
were not significantly different for sun leaves between
PDF’s of zero and 100 pmol/m?/s or shade leaves either
for S. clava or W. texana. There were significant but
small differences in rates for B. cylindracea over the
same range.

shade leaves, while at PFD’s lower than 400—
600 umol/m?s, shade leaves generally had higher
rates than sun leaves. Photosynthetic rates for the
sun leaves continued to increase from 400-600 to
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F1G. 2. Stomatal conductance curves for sun (4) and

shade (O) leaves of (A) Simsia calva, (B) Wedelia texana
and (C) Brickellia cylindracea. There were significant
differences in stomatal conductance rates for sun and
shade leaves of each species (repeated measures
ANOVA, P < 0.05). Error bars are examples and
represent + or — one standard error of the mean.
Different letters between light levels indicate significant
differences between sun leaves (upper case) or shade
leaves (lower case) and between leaf types (*). Rates
were not significantly different for sun leaves between
PDEF’s of zero and 100 pmol/m*/s or shade leaves either
for any of the three species.

2000 umol/m*/sec, with few significant differences
(Fig. 1A, B, C). The same was true for the shade
leaves.

Stomatal conductance of the sun and shade
leaves were significantly different over the light
levels examined (Repeated Measures ANOVA,
P < 0.05; Fig. 2A, B, C). However, there were
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few significant differences between light levels for
sun or shade leaves over the light levels tested
(One way ANOVA). When significant differences
were detected, they were usually at the lowest
light levels examined. The sun leaves had higher
conductance rates at most light levels tested, but
they were not always significantly different.
Transpiration rates of the two leaf types (sun
and shade) were also significantly different over
the light levels measured for all three species
(Repeated Measures ANOVA; F = 6.6, P =
0.0245; F = 10.7, P = 0.0112, F = 169, P =
0.0034). At all light levels tested, the transpiration
rate was significantly higher for the sun leaves
compared to shade leaves for W. texana and B.
cylindracea. For S. calva, transpiration rates were
higher for sun leaves at all light levels tested, but
differences were significant only at the two
highest and the two lowest light levels (data not
presented). Transpiration rates were 1-2% of the
conduction rates (Table 1).

The maximum photosynthetic rate (Aax) of S.
calva sun leaves was 32.8 umol CO»/m%/s (Fig. 3A)
and occurred at the maximum PFD (light level)
measured (2000 pmol/m?s). This rate was 1.41
times higher than the A,,.x rate for sun leaves of
W. texana and 1.55 times the rate for sun leaves of
B. cylindracea. Simsia calva also had the highest
A ax for shade leaves at 21.3 umol CO2/m?/s. This
rate was significantly higher than the rates for the
other two species. The A,,.x for the sun leaves of
all three species was significantly higher than their
respective shade leaves (Fig. 3A). The A,,.x rates
for the shade leaves was 61-66% of the rates for
the sun leaves at PFDs of 1400 or 1600 umol/m?*/s.
Ambient light levels were significantly different
for the two leaf types, with the sun leaves being
exposed to 6.1-8.8 times more light (Fig. 3A).
There were no species differences in exposure to
ambient full sun or shade.

Light saturation (L,,) for sun leaves of S. calva
was 672 umol/m?/s, which was significantly higher
than the Lg, for B. cylindracea but not W. texana
(Fig. 3B). The L, for the sun leaves of all three
species was higher than the shade leaves of the
respective species. Brickellia cylindracea shade
leaves had the lowest Ly, (260 umol/m?/s). The
light compensation point (L.,) of sun leaves of all
three species was not significantly different and
was between 18 and 39 umol/m*sec (Fig. 3B).
The L, of shade leaves was similar with only B.
cylindracea having a significantly lower value at
10 umol/m*s (Fig. 3B).

The dark respiration (R4) of sun leaves was not
significantly different, ranging from 1.3-3.0 pmol
CO»/m?/s (Table 1). The Ry of shade leaves was
not significantly different ranging from 0.7-—
1.1 umol CO,/m?*s. The only significant differ-
ence between sun and shade leaves was for B.
cylindracea and the Ry was 35% of the value for
the sun leaves. The mean (*1 SE) quantum yield
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PHYSIOLOGICAL MEASUREMENTS (MEANS AND ONE STANDARD ERROR, SE) FOR SUN AND SHADE LEAVES OF STMS1A4 CALVA (SC), WEDELIA TEXANA (WT)

TABLE 1.

1 (BC) AS WELL AS SOIL WATER CONTENT AND LEAF CHARACTERISTICS. Means for the same parameter and the same leaf type with the

same upper case letter are not significantly different at the 0.05 level (one-way-ANOVA, Tukey-Kramer honestly Significant Difference test). Means for the same

parameter and the same species followed with the same lower case letter are not significantly different at the 0.05 level (one-way-ANOVA).

"E.

AND BRICKELLIA CYLINDRAC

Leaf type/species mean (SE)

Shade leaves

Sun leaves
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BC

wWT

SC

BC

WT

SC

Parameter

0.36 Ba (0.05) 0.76 ABa (0.21) 0.40 Ab (0.04) 0.22 Bb (0.02) .21 Bb (0.03)

1.02 Aa (0.14)

/s) at Amax

E,..s — transpiration

5

Zrear — conductance
(molH->O/m

2.7 Bb (0.4)
0.7 Ab (0.1)

21.0 Aa (0.8)
0.058 Ab (0.006)

4.2 ABDb (0.5)

Ab (0.2)
Aa (0.3)

1.4 Aa (0.2)
8.7 Ca (0.7)
0.040 Ba (0.003)
0.0046 Ab (0.0004) 0.0028 Bb (0.0002)

—1.78 Aa (0.07)

Ba (0.9)

o— N

5.9 Ba (0.6)
2.0 Aa (0.3)

6.5 ABa (0.5)
19.4 Aa (1.0)

9.0 Aa (1.1)

O/m?/s) at Amax
R, — dark respiration (umolCO-/m

LA (cm?) — leaf area

5

(mmolH

1.3 Aa (0.4)

3.0 Aa (0.8)
8.4 Bb (0.7)
0.053 Aa (0.001)
0.0063 Aa (0.0004)
—0.58 Ba (0.14)

2Is)

1

0.061 Aa (0.001)
0.0045 Ab (0.0004)

7.3 Ba (0.4)
0.043 Aa (0.004)
0.0059 Aa (0.0003)

0.074 Aa (0.004)
0.0038 Ba (0.0001)
—0.65 Ba (0.05)

LM (g) — leaf mass

LMA (g/cm?) — Mass/area

—0.44 Ba (0.10)

—0.70 Ba (0.14)

—1.84 Aa (0.19)

¥, (Mpa) — leaf water potential

Soil moisture (%)

16.1 A (1.76)

14.1 A (0.91)

11.7 A (0.77)

efficiency or the initial slope (QY or IS) (slope of
the line from 0150 pmol/m?/s) was 0.041 = 0.009
to 0.061 * 0.013 and not significantly different
between the species for sun or shade leaves (data
not shown).

Conductance at Ay,,x was significantly higher
for sun leaves compared to shade leaves for all
three species. Simsia calva had the highest
conductance rate for sun or shade leaves of all
three species. Transpiration rates were similar
with higher rates for sun leaves compared to
shade leaves and S. calva had the highest rates
and B. cylindracea had the lowest rates (Table 1).

Brickellia cylindracea had the largest leaf area
(LA) for sun and shade leaves and there were no
significant differences in sun and shade LA
except for S. calva, which had larger shade
leaves. Shade leaves of B. cylindracea were larger
than the shade leaves of the other two species and
shade leaves of W. texana were smallest. There
were no significant differences in the sun leaf
mass for any of the species (Table 1). The leaf
mass/arca (LMA) for B. cylindracea sun and
shade leaves was significantly lower than the
other species and all three species shade leaves
had lower LMA than their respective sun leaves.

The xylem water potential (¥,) of the sun and
shade lecaves was not significantly different, but
W. texana had the most negative ¥, at —1.84
MPA for sun leaves. The surface soil was dry,
having only 11.7-16.1% soil moisture and no
significant differences between species.

DISCUSSION

All three of the species studicd are commonly
found growing in high light environments in
Central Texas savannas, but not in shaded
habitats (Van Auken et al. 1981; Enquist 1987),
and sun leaves of all three species had high
maximum photosynthetic rates (Anax), typical of
species of open habitats (Begon et al. 2006)
(Fig. 3). Other photosynthetic parameters, in-
cluding light saturation, light compensation, dark
respiration, conductance, and transpiration, were
high for sun adapted leaves (Fig. 3, Table 1).
However, shade leaves had relatively high gas
exchange parameters as well, probably because of
the relatively open nature of the sub-shrub
canopy and the presence of light flecks (Hull
2002). These responses are not consistent with
findings for shade plants, but for plants that are
sun plants or intermediate or facultative species
(Boardman 1977; Hull 2002; Larcher 2003;
Givnish et al. 2004; Begon et al. 2006; Valladares
and Niinemets 2008). Although Simsia calva,
Wedelia texana and Brickellia cylindracea are all
native species with a fairly broad distribution in
central Texas, west Texas, New Mexico and
northern Mexico, very little is known about their
photosynthetic capabilitics. No studies were
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identified which evaluated their physiological
responses or growth responses to light levels or
other factors. The parameters measured for both
leaf types suggest that these species are sun or
faculative species, because some individuals may
be found in partial shade or at the edge of
woodland canopies or in light gaps (personal
observation).

In general, true understory species have much
lower photosynthetic rates than the rates report-
ed for the three species in the current study.
Photosynthetic rates of three understory montane
spruce forests species found in central Europe
had CO, uptake rates of 3.4-5.5 pmol CO,/m?/s
(Hattenschwiler and Korner 1996). In addition,
the European forest species reached light satura-
tion at lower light levels (—200 umol/m?%s) than
sun leaves of the species reported here (435-
672 umol/m?/s). Even shade leaves of S. calva, W.
texana and B. cylindracea light saturated at
higher light levels (260-375 umol/m?/s) than the
forest understory species. Arnica cordifolia Hook.

MADRONO

[Vol. 57

(Asteraceae), an herbaceous perennial which
grows in the understory of lodgepole pine forests
in southeastern Wyoming, also had photosyn-
thetic rates (3.5-4.2 umolCO,/m?/s) that were 18—
30% of the rates of shade adapted leaves of the
species in the current study and reached light
saturation at light levels at about the same levels
as shade leaves in the current study (~330 pmol
CO,/m?/s) (Young and Smith 1980).

Polygonum virginianum L. (Polygonaceae),
found in the forest understory and at the forest
edge in the eastern United States, had an A, of
~3 umol CO,/m?/s at a light saturation of
~500 pumol/m?s (Zangerl and Bazzaz 1983).
Carex planostachys from the central Texas
Edwards Plateau Juniperus woodland understory
had an A,,., value of 4.9 = 0.3 umol CO,»/m?/s
which was 23.0-38.0% of the value for shade
leaves of the three species in the current study. In
addition, light saturation for C. planostachys was
about half the value of the current species studied
at 151 = 43 umol/m?*s (Wayne and Van Auken
2009). While S. calva, W. texana and B.
eylindracea are typically found growing in open
habitats and sometimes at the edge of woodlands,
their high A,.x for shade adapted leaves com-
pared to other herbaceous shade plants would
suggest they are sun species, and would not grow
in low light environments.

True sun plants are adapted to high light
conditions and consequently have high rates of
gas exchange. For example, an early successional
herbaceous perennial, Abutilon theophrasti
Medik., had A,.x rates between 15-25 pmol
CO,/m?/s (Wieland and Bazzaz 1975; Bazzaz
1979; Munger et al. 1987a, b; Hirose et al. 1997,
Lindquist and Mortensen 1999; Van Auken and
Bush (in press). Two oaks found mostly in gallery
forest in tall grass prairies of northeastern
Kansas, Quercus muehlenbergii Engelm. and Q.
macrocarpa Michx. had A, .x rates of 18-26 pmol
CO,/m?s for sun leaves and 11-13 umol CO»/m?/
s for shade leaves (Hamerlynck and Knapp 1994).

Some plants, particularly early successional
species or plants from disturbed (open) communi-
ties can acclimate to variability of the light
environment in which they live (Bazzaz and
Carlson 1982). For example, Polygonum pensylva-
nicum L., a colonizing annual of open fields, had
an A, of ~12 umol CO»/m?/s at ~1500 pmol/
m?/s when plants from a shaded-habitat
(200 pmol/m?/s) were measured (Bazzaz and
Carlson 1982; Zangerl and Bazzaz 1983). How-
ever, the rate was ~24 umol/m?*/s at ~1800 pmol/
m?s when plants from a full sun habitat were
examined (Bazzaz and Carlson 1982). The light
levels of the sun leaves we reported in the present
study received 1389 = 83 to 1594 = 103 pmol/m?s
(~65-80% full sunlight). Individuals from higher
light environments could have higher maximum
photosynthetic rates, while those from lower light
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environments would probably be lower. Further
studics would be needed to determine if these
species acclimate to variability in the light
environment as reported for other species (Hull
2002; Valladares and Niinemets 2008).

Dark respiration of sun leaves of S. clava (3.0
+ 0.8 umol CO,/m?*s) arc similar to other sun-
adapted plants (Hamerlynck and Knapp 1994).
This rate is 2.72 times higher than the Ry of its
shade adapted leaves. The R, for shade adapted
leaves of all three species examined is about five
times higher than rates for true shade adapted
species (Hirose and Bazzaz 1998; Hull 2002).
Dark respiration for shade-adapted species is
typically lower than sun-adapted species, due to
the lower mctabolism of shade-adapted plants
(Bjorkman 1968; Bazzaz and Carlson 1982). P.
pensylvanicum grown at 200 pmol/m*/s had a
respiration rate of ~0.5 umol CO,/m’/s, and the
rate for sun leaves was twice this level (Bazzaz
and Carlson 1982).

Values of other photosynthetic parameters
reported in this study for the three savanna sub-
shrubs arc similar to thosc reported for sun
plants or sun leaves from the literature. Quan-
tum vyield efficiency reported here (0.041-—
0.061 umol CO»/umol quanta, sun leaves and
shade leaves) are within the range or similar to
values reported for other species (0.035-
0.052 pumol CO->/umol quanta) (Hirose ct al.
1997). Stomatal conductance and transpiration
reported from the species in the current study
were similar to other studies and indicate open
stomates; however, many factors affect the
levels of these parameters (Wieland and Bazzaz
1975; Zangerl and Bazzaz 1984; Yun and Taylor
1986; Munger ct al. 1987a, b; Stafford 1989).

The sun and shade leaves of S. calva, W.
texana and B. cylindracea have relatively high gas
exchange rates. These physiological responses to
various light levels more than likely are contrib-
utors to the niche obscrved for this specices. In the
field they are usually found in disturbed grass-
lands, gaps and other high light environments. In
gencral, resource utilization is spatially parti-
tioned among species along complex environ-
mental gradients, such as changes in light from
open areas to woodland or forest edges (Van
Auken and Bush 2009; Wayne and Van Auken
2009; Gagliardia and Van Auken in press). The
ability of these three species to reach high
photosynthetic rates in partial shade and having
relatively low light compensation points would
allows them to ecxist at the canopy edge or in
partially shaded savanna communitics. At light
levels below approximately 400 pmol CO»/m?3/s,
more shade tolerant specics would probably be
able to out-compete these three sub-shrubs. At
light levels above 400-500 pumol COy/m?/s, S.
calva, W. texana and B. cylindracea could be
community dominates and out-compete other co-
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occurring species, especially in disturbed areas or
in arcas where grass biomass and density is
reduced because of heavy grazing and a low fire
frequency. This would occur in part because they
have photosynthetic rates as high as or higher
than most co-occurring species (Grunstra 2008;
Valladares and Niinemets 2008).

These central Texas savannas have apparently
changed considerably over the past 200+ years for
a number of reasons (Van Auken and McKinley
2008; Van Auken and Smeins 2008). Recently,
heavy grazing, tree cutting and reduced fire
frequency have been major factors contributing
to community alterations. These arc proximate
factors, but they are not the only factors. Some
still blame global climatic changes, including
clevated CO, levels and increased temperature
levels, but these factors appear to be background
conditions and not the conditions directly causing
the decrease in many native grasses (Van Auken
2009). We expect that these three sub-shrubs have
increased in density, cover and possibly range
because of the reduction in grass biomass because
of herbivory and the lack of grassland fires and
their apparent resistance to both native and
domestic herbivory.
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